ABSTRACT: Significant advances in our knowledge of cancer genomes are rapidly changing the way we think about tumor biology and the heterogeneity of cancer. Recent successes in genomically-guided treatment approaches accompanied by more sophisticated sequencing techniques have paved the way for deeper investigation into the landscape of genomic rearrangements in cancer. While considerable research on solid tumors has focused on point mutations that directly alter the coding sequence of key genes, far less is known about the role of somatic rearrangements. With many recurring alterations observed across tumor types, there is an obvious need for functional characterization of these genomic biomarkers in order to understand their relevance to tumor biology, therapy, and prognosis. As personalized therapy approaches are turning toward genomic alterations for answers, these biomarkers will become increasingly relevant to the practice of precision medicine. This review discusses the emerging role of genomic rearrangements in breast cancer, with a particular focus on fusion genes. In addition, it raises several key questions on the therapeutic value of such rearrangements and provides a framework to evaluate their significance as predictive and prognostic biomarkers.
Introduction
The role of chromosomal rearrangements in tumorigenesis and cancer progression has received substantial attention in recent years. [1] [2] [3] Chromosomal rearrangements were initially described in hematologic malignancies such as chronic myelogenous leukemia (CML) 4, 5 and Burkitt's lymphoma, 6 where they have been used both for diagnosis and to direct targeted therapies. Subsequently, recurrent translocations were also found in rare classes of soft tissue tumors such as Ewing's sarcoma 7, 8 and synovial sarcoma. 9 Recurrent translocations were not initially identified in many of the common solid, epithelial tumors, in part, because of the limitations of standard cytogenetic analyses and the underlying biological diversity. However, with the emergence of new technologies that allow more comprehensive genomic analysis of solid cancers, genomic rearrangements have been identified in many solid tumors, including breast cancer. This has enabled the identification of subsets of common solid tumors that harbor novel fusions or rearrangements that were not previously appreciated, eg, ALK fusions in non-small cell lung cancer (NSCLC), and has provided novel therapeutic approaches.
Tumor genomic profiling encompasses a variety of sequencing techniques that use next-generation sequencing methods, eg, DNA and RNA sequencing (RNA-seq). Genomically-guided therapy or targeted therapy refers to the selection of a treatment strategy based on the results of tumor genomic profiling, where a clinical response is more likely to occur in the presence of the relevant genomic target. Association between the presence of a genomic alteration and drug response defines a genomic alteration as a predictive biomarker. Such biomarkers have been critical to personalizing the approach to cancer treatment and improving patient outcomes. In contrast, prognostic biomarkers define disease trajectory in the untreated individual. Although some biomarkers can be both predictive and prognostic, biomarkers that are only prognostic can be useful in defining subsets of patients at risk for poor outcomes. Such knowledge allows the treating physicians to determine whether more aggressive or alternative approaches should be undertaken for those patients. Many genomic alterations, including point mutations, deletions/insertions, amplifications, and rearrangements, serve as predictive biomarkers, prognostic biomarkers, or both.
Genomic rearrangements refer to structural changes in the genome that are caused by breakage of DNA followed by erroneous rejoining and replication. These include events that alter copy number, such as deletion, tandem duplication, and amplification, as well as others that maintain copy number, such as reciprocal translocations and inversions (Fig. 1A-C) . Rearrangements encompass gross alterations of the whole chromosome or part of a chromosome and do not include the more commonly studied single base mutations or small deletions and insertions of a few base pairs in length. A special class of rearrangements known as interchomosomal or intrachromosomal rearrangements is the result of interactions between distant regions of the genome or even within the same chromosome, respectively. This type of rearrangement can lead to fusion of two disrupted genes, resulting in an altered transcript and a fusion protein (Fig. 1B) . These fusions can potentially activate, reduce, or eliminate the original function of the gene product(s) or generate a chimeric protein. Neomorphic functions may also result and have been described, eg, gain of function TP53 mutations and specific PIK3R1, MYOD1, and IDH1 mutations, and are implicated as driver mutations in cancer. [10] [11] [12] [13] Detection of recurrent genomic alterations provides new prognostic biomarkers, enables selection of patient groups that may most benefit from specific targeted agents, predicts their response to targeted therapy, and affords the opportunity to elucidate both intrinsic, tissue-specific and acquired resistance mechanisms. With the advent of personalized medicine in cancer, the need for comprehensive genomic profiling of difficult-to-treat tumors is becoming more apparent. While a wealth of information is being generated in the process, characterizing biomarkers for patient classification, prognosis, predicting drug response, and resistance to treatment is crucial.
Defining prognostic and predictive biomarkers in breast cancer is more complicated than in other tumor types. This is primarily because breast cancer represents a heterogeneous set of diseases with distinct molecular features, natural course of disease, and response to treatment. Recognition of this heterogeneity in more recent studies has allowed more precise understanding of molecular characteristics that influence drug response and patient outcomes. Breast cancers are clinically subtyped based on three biomarkers: expression of estrogen receptor (ER) and progesterone receptor (PR) as assayed by immunohistochemistry (IHC) and expression of human epidermal growth factor receptor 2 (HER2) or amplification of erb b2 receptor tyrosine kinase 2 (ERBB2) as assayed by IHC or fluorescence in situ hybridization (FISH), respectively. 14, 15 In addition to patient stratification, these biomarkers are useful for both prognostication and for predicting response to targeted therapy, eg, ER expression for endocrine therapy;
16 ERBB2 amplification for trastuzumab. 17 The breast cancer subtype that lacks the expression of ER, PR, and HER2 or ERBB2 amplification, commonly referred to as triple-negative breast cancer (TNBC), is associated with poor prognosis, and standard cytotoxic chemotherapy remains the mainstay of treatment. Gene expression profiling assays (such as OncotypeDx®, Mammaprint®) can also further stratify ER+ cancers to identify those cancers that may benefit from addition of chemotherapy to standard hormonal therapy. ERBB2 amplification is currently the only genomic alteration that is routinely assayed as part of clinical care of breast cancer. Genomic profiling using high-throughput, next-generation sequencing technologies (ie, whole-exome, whole-genome, and RNA-seq) has identified recurrent point mutations in breast cancer subtypes: PIK3CA mutations in ER+ breast cancers as opposed to TP53, PTEN, and BRCA1 mutations in TNBCs. [18] [19] [20] Tumors associated with germline BRCA1 mutations can be specifically targeted, either with PARP inhibitors 21 or with platinum agents. 22 Multiple PIK3CA inhibitors are also in development, currently in both early and late phase clinical trials. Unlike other genomic alterations, the relevance of fusions and rearrangements in breast cancer and its treatment has been less well described.
In this review, the current knowledge of chromosomal instability (CIN) in breast cancer and implications of prognosis for the different molecular subtypes is explored. The patterns and frequency of genomic rearrangements in breast cancer are also discussed. Since more recent knowledge on genomic rearrangements relies heavily on the technique used to study them, the most relevant roles of different technologies and the information acquired are described. Given the therapeutic potential of fusions in cancer, the benefits of identifying and characterizing such rearrangements in breast cancer is outlined. Finally, the current knowledge of breast cancerrelated fusions as predictive biomarkers, the future of this evolving field, and the clinical potential for improving therapeutic options for patients with breast cancer is discussed.
Chromosomal Instability and Breast Cancer Prognosis
Genomic rearrangements are closely associated with CIN, which is defined as a dynamic state in which gains or losses of whole or parts of chromosomes occur. Such instability can alter the number of chromosomes, a phenomenon known as aneuploidy. Some cancers such as breast and colorectal cancers harbor more CIN as compared to others. [23] [24] [25] Though the mechanism of CIN is poorly understood, the implications of its extent have been investigated in relation to clinical outcomes in breast cancer subtypes.
Several groups have analyzed the overall patterns of CIN of breast cancer subtypes and the relevance to clinical (B) representation of a larger genomic rearrangement involving intrachromosomal or interchromosomal translocation leading to the fusion of two independent genes: Gene a (blue), B (red). This event may also involve a change in gene orientation. (C) receptor tyrosine kinases (rTks) are often involved in fusion events. a portion of Gene a is fused to that of Gene B, an rTk. Gene a may contribute putative regulatory, coiled-coiled, dimerization or Dna binding domains which may result in the transcription and activation of the kinase portion of the fusion gene. an example of such a fusion is ETV6-NTRK3 in secretory breast carcinoma, where the rearrangement encodes the sterile alpha motif (sam) dimerization domain of transcription factor ETV6 and the protein tyrosine kinase (PTK) domain of the neurotrophin 3-receptor kinase, NTRK3. (Table 1) . In these studies, CIN was measured based on DNA copy number changes and losses or gains of chromosomal regions or chromosomal number changes in tumor nuclei. [26] [27] [28] To evaluate the prognosis in some cases, data were retrospectively compared to the clinicopathological details of treatment-naïve patients. CIN is generally considered to be associated with poor prognosis in solid tumors. 29, 30 While analysis between ER+ and ER-subtypes confirmed that this is true for ER+ cancers, extreme CIN did not show a clear association with survival outcome or prognosis in ER-cancers. 26, 31 Another study evaluating CIN on the basis of copy number changes found a correlation between increased CIN and poor survival outcomes in ER+ and HER2+ subtypes. 27 Similar to the previous reports, CIN score was higher in ER-and TNBC samples. However, there was no correlation with survival outcome in these tumors. Major differences between the studies, including small sample size within CIN study cohorts, different methods for evaluating CIN, presence of confounders, absence of detailed patient and treatment profiles, and other parameters, make interpretation and comparison of such data difficult. These studies highlight the complexity of breast cancer genomes and point to the fact that while instability might be used to assess risk in ER+ cases, additional distinct biological markers for predicting clinical outcome in ER-cases are needed.
Other groups have developed methods to identify gene expression signatures that reflect CIN and analyze associations with relapse, 32 prognosis, 33 and survival outcomes 29 ( Table 1) . Tumor grade, which reflects the differentiation and proliferation potential of tumor cells, is a routinely used histological measure. Based on the expression of the top 25 genes in a 25-gene expression assay known as CIN25, grade 1 and grade 2 breast tumors from three data sets were stratified to high or low scores. 29 The genes within the panel were selected based on strong associations between altered gene expression and tumor aneuploidy. A higher CIN25 score was associated with a worse clinical outcome for patients with either grade 1 or grade 2 tumors. Similarly, another study using only four genes (CIN4) found a significant association with the proliferation marker Ki67 in grade 2 tumors. CIN4 was used to further stratify patients with grade 2 tumors into good and poor prognosis groups. 33 Higher CIN4 was associated with worse recurrence-free survival. Data from these studies, summarized in Table 1 , highlight the differences in CIN and the outcomes observed between breast cancer subtypes.
Patterns and Frequency of Genomic Rearrangements in Breast Cancer
An increase in genomic instability has been linked to a concomitant increase in the frequency of gene rearrangements or fusions. 2, 34 Next-generation sequencing strategies have led to genomic and transcriptomic analysis of large cohorts across cancer types as well as detailed analysis of the patterns of genomic rearrangements in breast cancer. [34] [35] [36] Some breast cancers showed genome-wide rearrangements, whereas others were reported as clusters in regions of amplification. Array-based comparative genomic hybridization (array CGH) studies of copy number alterations have previously defined structural changes in the genome in terms of gains or losses of specific chromosomal regions such as 1q/16 for low-grade ER+ tumors, commonly amplified sites such as 8p11-12 (FGFR1), 8q24 (MYC), 11q13 (CCND1), and 17q12 (ERBB2) for highgrade ER+ cancers, and numerous low amplitude gains and losses for TNBCs. 28, [37] [38] [39] [40] The presence of 8p11, 8q24, 17q12, and 17q24 amplicons in high-grade ER+ breast cancer has been demonstrated to be associated with poor outcome in multiple studies. 41, 42 Using next-generation technologies, quantification of the number of rearrangements occurring within chromosomes (intrachromosomal rearrangements such as duplications, inversions, amplifications, and deletions) and also those occurring between different chromosomes (interchromosomal rearrangements) has been depicted by Kwei et al 39 using circos plots for breast cancer. Circos plots are circular illustrations for visualizing the structural relationships between regions of chromosomes. These comparisons clearly show distinct patterns related to breast cancer subtypes. 39 Low-grade ER+ breast tumors generally display few rearrangements and amplifications, whereas high-grade ER+ breast cancers and TNBCs display a large amount of both large-and small-scale rearrangements, especially increased frequency of intrachromosomal rearrangements such as tandem duplications in TNBCs. This implies that subtype-specific differences in genetic instability may mechanistically contribute to different gene expression patterns observed in breast cancer subtypes. 36, 39, 43 By analyzing 24 breast cancer genomes by paired-end sequencing, Stephens et al 36 showed that intrachromosomal alterations are much more prevalent than anticipated across a broad spectrum of molecular subtypes based on ER/PR/ ERBB2 status. Tandem duplications were the most commonly observed rearrangement. This feature was largely underappreciated using prior array CGH profiles. Strikingly, there was a large variation between genomes, with some harboring almost no duplications and others having hundreds, ranging from 3 kb to .1 Mb of duplicated segments. 36 When subtype analysis was performed, unfavorable ER-cancers harbored comparatively more tandem duplications than ER+ subtypes. In this study, tandem duplications were not found to be associated with breast cancers arising in the setting of germline mutations in the DNA repair genes BRCA1/2. Notably, another group that analyzed tandem duplications in ovarian cancers also reported a lack of correlation of duplications with BRCA1/2 mutations. 44 This emphasizes the likelihood of other unknown defects in DNA repair/maintenance in TNBCs, perhaps contributing to the increase in tandem duplications and the relatively poor prognosis of this breast cancer subtype.
Although it has been shown that tandem duplications are the most commonly observed rearrangement in breast cancer genomes, the frequency of specific tandem duplications is currently unknown as these alterations are not easily detected with standard techniques such as array CGH or FISH. Nextgeneration sequencing techniques will achieve improved clarification of the genes and gene regions that are frequently involved in such duplications.
Role of Technological Advances in Identifying Genomic Rearrangements
The advantages of newer methods to study breast cancer genome have resulted in a greater understanding of the patterns of genomic instability and the underlying gene rearrangements observed within breast cancer ( Table 2) . Some of these methods include FISH, break-apart FISH, array CGH, polymerase chain reaction (PCR)-based techniques, whole-exome sequencing, whole-genome sequencing (WGS), RNA-seq, single primer enrichment technology (SPET), and anchored multiplex PCR (AMP).
FISH is a powerful tool for detecting specific genomic alterations and has gained popularity due to its clinical application in identifying ERBB2 amplifications in breast cancer, 17, 45 BCR-ABL fusions in leukemia, 46 and EML4-ALK fusions in lung cancer. 47 However, since it uses predesigned gene probes, a major drawback is the inability to detect novel alterations.
Further, even with known, locus-specific, high-resolution probes, cytogenetic techniques are currently limited in the ability to differentiate between duplications, inversions, or deletions occurring in small regions of a few hundred kilobases or less. 48 Therefore, standard FISH methods for clinical evaluation may significantly underestimate the prevalence of pathogenic gene rearrangements in solid tumors (Table 2) . For example, FISH relies on use of gene-specific probes. Common receptor tyrosine kinase (RTK) fusions with known, recurrent gene partners can be identified using this method. However, fusions with an unknown partner can lead to false negative results. Break-apart FISH describes a technique where two fluorescent probes are designed to recognize one gene. Breakapart FISH can detect the presence of novel fusions with the known gene. In the presence of a rearrangement involving a second gene, the two probes are no longer found in proximity, ie, they break apart. While this technique can establish the presence of a fusion affecting the designated gene, it will not identify novel gene partners, the location of breakpoints in the gene partner, or the functionality of the fusion. Therefore, other methods such as reverse transcriptase-PCR (RT-PCR) and RNA-seq are needed to confirm the presence of such gene fusions. Fusions that occur within the same chromosomal band or with intronic breakpoints are beyond the resolution of cytogenetic techniques. PCR-based assays can be used to detect such intra-band and intron events only when breakpoints are known.
The development of more efficient high-throughput sequencing methods and data analysis pipelines has made the identification of pathogenic rearrangement events across all malignancies more affordable and more accessible. WGS and RNA-seq provide an unbiased view of the genome and expressed transcripts, respectively (Table 2) . A subset of these next-generation sequencing methods is designed to capture rearrangement events in particular, eg, intron capture and RNA-Seq. Using WGS and RNA-seq, Stephens et al 36 showed that multiple rearrangements are present in many breast cancers, with .50% of them occurring within coding regions. 36 These rearrangements can lead to deregulation of gene expression and/or the formation of fusion transcripts, resulting in novel fusion proteins. 49 To detect rearrangements, read pairs with unexpected separation distances or orientations that discordantly map to two distinct genes are identified. In order to determine the exact position of the breakpoint, reads that partially map to both genes are then reviewed. Carrara et al 50 have comprehensively reviewed the RNA-seq fusion detection tools, and Lin et al 51 have detailed the WGS statistical algorithms that detect such variations (structural variation callers). Highthroughput sequencing technologies suffer from greater error and shorter reads than traditional sequencing methods, and the bioinformatic pipelines often result in a long list of fusion candidates that require extensive experimental validation. decipher true rearrangements from false positives that are due to reverse transcriptase template switching, incorrect mapping, read-through transcripts from the splicing of two adjacent genes, and other systematic errors. Further analysis can also help in determining the pathogenic significance of these candidates. 53, 54 These methodologies have led to the discovery of important fusion events in hematologic and solid tumors. [55] [56] [57] Whole-exome sequencing can identify rearrangement events whose fusion junctions also occur in the coding region. 56, 58 More recently, deep sequencing platforms have been developed that capture introns and can detect fusions with intronic breakpoints, previously undetected by exome sequencing only. 59 Further, rearrangements occurring in other noncoding regions of the genome can place a gene (or part of it) under the regulation of a different gene promoter, eg, IGH-CCND1 in mantle cell lymphoma. 60 Such events are not detectable by transcriptome or hybrid capture RNA-seq (Table 2) .
Despite the increased sensitivity in detecting rare events, massively parallel sequencing is prone to error at many levels such as library preparation, analysis, and referencing due to the vastness of the genome and similarity between genes (Table 2) . 61, 62 Due to the reduced quality of formalin-fixed, paraffin-embedded samples, tumor tissue contamination, and low frequency representation of chimeric transcripts, the reduced number and depth of reads can lead to false-negative results in RNA-seq. Newer methodologies are being developed to combine RNA-seq and WGS data to improve sensitivity and specificity. 63 For a more specific and reliable detection of fusions, SPET and AMP are currently being explored.
64,65

Clinical Significance of Fusions in Cancer
Gene fusions observed repeatedly in certain tumor types are referred to as recurrent gene fusions. Though previously underappreciated in comparison to hematologic malignancies, more recently discovered recurrent gene fusions have 67 and ETV6-NTRK3 in secretory breast carcinoma. 68 These recurrent gene fusions have been recognized as tumor-specific oncogenic drivers and have challenged the previously held view that gene fusions are rare in solid tumors and may not play an important role in the development of epithelial tumors.
A recent study using RNA-seq, DNA copy number analysis, and gene mutation analysis of ~4000 primary tumors showed that tumors harboring transcript fusions had significantly fewer driver mutations, suggesting a tumorigenic role for gene fusions. 34 Tumors with recurrent, in-frame fusion transcripts were found to have reduced number of gene mutations in comparison to those without recurrent in-frame fusions. This was a common finding in many cancers types, including breast cancer, suggesting that fusions can drive cancer growth and progression in epithelial tumors.
It is important to note that rearrangements not only create novel driver oncogenes but can also disable critical tumor suppressors. In a recently published study, it was shown that ~16% of the osteosarcomas, which lacked commonly known hotspot TP53 mutations, were instead reported to have recurrent rearrangements in intron 1 of TP53. 69 Some of these rearrangements resulted in fusions that led to the loss of p53 tumor suppressor function. There are many other reports of out-offrame fusions with functional consequences. [70] [71] [72] Such fusions involving tumor suppressor genes, transcriptional repressors, phosphatases, or other regulatory processes can also have a role not only in tumorigenesis but also in drug resistance and malignant phenotype.
Recurrent gene fusions represent a unique class of rearrangements that can serve as predictive or prognostic biomarkers or both. The most commonly observed gene classes involved in fusions are kinases and transcription factors, together representing .50% of all genes found in fusions. 73 Recurrent fusions that result in the activation of tyrosine kinases such as BCR-ABL in CML and RET fusions in thyroid cancers have been studied extensively as these cancers are sensitive to kinase inhibitors. This has led to FDA-approved RTK inhibitor (RTKi) therapies for these tumors types, with the fusions serving as predictive biomarkers. Since kinase activation drives cancer-relevant pathways such as growth and proliferation, it is not surprising that oncogenic fusions often retain an intact kinase catalytic domain. Further, many of these kinases are often fused with one of a variety of partners, each with the potential for a unique mechanism of activation such as constitutive dimerization or ligand-independent autophosphorylation, depending on the domains involved in the fusion. 74 Table 3 lists a few examples of recurrent kinase fusions that have been reported with more than one fusion partner.
While some fusions serve only as predictive biomarkers for RTKi therapy, others may play a role both as predictive and prognostic biomarkers. Exemplifying this concept is the recurrent fusion between KIAA1549 and BRAF found in .50% of pilocytic astrocytomas. Presence of this fusion was associated with an improved five-year progression-free survival in patients receiving chemotherapy for this childhood brain tumor. 75, 76 As survival was not correlated to a specific chemotherapy, the KIAA1549-BRAF fusion represents a prognostic marker in this setting. Moreover, this fusion has relevance for targeted therapy with RTKi, which could also classify it as a predictive biomarker. However, absolute associations between the presence of a fusion and either a beneficial or detrimental drug response may not be apparent without validation. Such is the case with KIAA1549-BRAF, where BRAF inhibitors have been evaluated for drug sensitivity and pathway inhibition in fusion-positive cell lines. 77 Strikingly, paradoxical activation of the MAPK pathway, as measured by phospho-ERK, and in vivo tumor growth occurred with a firstgeneration BRAF inhibitor, but not with a second-generation inhibitor. This suggests that the presence of fusions can elicit differential response as compared to kinase-activating mutations and even unpredicted drug responses, which need to be further explored in order to appropriately stratify patients for targeted agents. 77, 78 In contrast to kinase fusions that most often result in kinase activation, transcription factor fusions can lead to gene activation or to altered gene expression affecting integral mediators of cell function. This can have a dominant negative effect on the cell. In follicular thyroid cancers with PAX8-PPARγ fusions, wild-type PPARγ inhibition is regarded as the mechanism of cellular transformation. 79 The relevance of PPARγ agonists in treating fusion-positive, thyroid cancer patients with advanced disease stage is now being tested in phase II trials (clinicaltrials.gov). Intriguingly, a clinical study measuring PPARγ as a surrogate marker for the overexpressed fusion protein showed an association with favorable prognosis and improved clinical outcome. 80 Approximately 50% of prostate cancer cases are known to harbor fusions in the Ets transcription factor family with TMPRSS2, a serine protease. 66, 73, 81 Almost 80% of these fusions are TMPRSS2-ERG, which in some studies correlate with poorer prognosis and increased disease recurrence and is thus implicated as a prognostic biomarker. 82, 83 A genomic deletion event that fuses the 5′ region of the androgen-responsive serine protease TMPRSS2 with the 3′ region of the transcription factor ERG results in an androgendependent overexpression of ERG leading to an altered, oncogenic transcriptome. Due to the high frequency and specificity of TMPRSS2-ERG fusions seen in prostate cancer, its clinical applicability as a biomarker for diagnosis [84] [85] [86] and treatment 87, 88 is also being explored. Due to their role, recurrence, and functional implications, fusions thus serve as powerful, predictive biomarkers for targeted therapy, have prognostic implications, and display significant translational relevance.
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Current Knowledge of Fusions in Breast Cancer
Large-scale studies involving transcriptome and genomic sequencing have revealed the presence of several gene fusions in the more common types of breast cancer. 3, 34, 36 These include fusions that have been noted in other cancers (Tables 3 and 4 ). Though several in-frame fusions were observed, a recurrent gene fusion is yet to be identified. 3, 36 With a few exceptions, the majority of fusions reported in breast cancer are uncommon and present only in a limited number of samples. Whether these are truly single events or are not observed in more samples due to limited sample size, difference in specific breast cancer subtypes included in study cohorts, and/or the appropriate technologies for detection is yet to be determined.
Thompson et al 89 recently reported fusion transcript analysis by five different groups from 813 breast tumors from The Cancer Genome Atlas (TCGA). Although the presence of specific recurrent fusion transcripts was low, most tumors were reported to have at least one or more fusions. ESR1-CCDC170, C20orf3-ACSS1, and USP22-MYH10 fusions were detected in $10 tumors in this cohort. The authors also found ERBB2 to be one among the most common 5′ and 3′ fusion partners and was seen in .10 tumors. Several other groups have focused on smaller cohorts of breast cancer cell lines and/or tumor samples and have recently reported the recurrence of specific types of fusions. [90] [91] [92] [93] [94] Varley et al 93 used RNA-seq in 28 breast cancer cell lines and identified six candidate fusion transcripts. Five of these fusion transcripts were confirmed to be present in primary human breast tumors.
Comparison of matched adjacent normal tissue with fusionpositive tumor revealed that two of the fusion transcripts, SCNN1A-TNFRSF1A and CTSD-IFITM10, were highly tumor specific (Table 4) . Another group investigated 14 breast cancer cell lines for the association of gene fusions to wellknown chromosomal loci and reported that 60% of the gene fusions were localized to recurrent amplicons, suggesting that these fusions are a by-product of amplification. 91 Regarding data from cancer cell lines, it is important to note that alterations may represent those found in the original tumor or be de novo mutations arising during culture.
Several groups have identified recurrent fusions with potential clinical implications. Robinson et al 92 identified the presence of several recurrent gene rearrangements involving MAST and NOTCH family genes using paired-end RNA-seq in 89 cell lines and 69 breast cancer samples. They reported that these genes were repeatedly fused in ~4% and 6% of cases for MAST and NOTCH gene families, respectively. Functional studies suggesting the oncogenic potential of these fusions and of gamma secretase inhibitor in xenograft models showed reduced tumor growth for NOTCH family fusion-positive cell lines. Clinical trials with gamma secretase inhibitors are in progress for breast cancer (clinicaltrials.gov). Yet, most studies include unselected populations and are agnostic to NOTCH genotype, eg, mutations, fusions. Therefore, evaluation of genotype-phenotype associations may define whether these fusions are even relevant as markers for response to gamma secretase inhibitors.
Enrichment of some fusions may also reflect specific molecular subsets of breast cancer. For instance, an integrative pipeline to probe TCGA revealed ESR1-CCDC170 fusions as a top candidate. The frequency of the rearrangement between ESR1 and its neighboring gene CCDC170 occurred in 4% of ER+ breast tumors (n = 200). 95 Based on the genomic locations of these two genes and orientation of fusions observed, the authors suggest tandem duplications as the potential mechanism behind the generation of such fusions, as illustrated in Figure 2A . The role of this fusion in oncogenesis and in potentially mediating endocrine resistance is under further investigation.
Other breast cancer subtypes with distinct biological behavior have been genomically evaluated using next-generation sequencing strategies. One study that sequenced TNBC samples in Mexican and Vietnamese populations reported ~7% recurrence of MAGI3-AKT3 fusion Table 4 . Therapeutic implications for fusions reported in breast cancer. ( Fig. 2B) . 96 Expression of the fusion in a breast cancer cell line resulted in constitutive activation of the AKT3 kinase domain and downstream pathway signaling. More functional assays are required to clarify the clinical relevance of the MAGI3-AKT3 fusion and the therapeutic benefit of Akt inhibitors in fusion-positive TNBC (Table 4) . Another follow-up study aimed at verifying and determining the frequency of these fusions in a larger cohort of TNBCs from Caucasian women failed to detect any MAGI3-AKT3 fusions. 97 The first study performed RT-PCR of cDNA from samples followed by Sanger sequencing. The second study analyzed samples using dual color FISH probes for MAGI3 and AKT3 and did not find any signals either by fusion or break-apart probes. They also used RT-PCR for a fraction of samples and analyzed the RNA-seq data of another cohort from TCGA. While there are major differences in the methods used for detection and in cohort populations, these studies underline the importance and challenges of validation and characterization of recurrent fusions in tumors.
FUSION ONCOGENIC FUNCTION PREVALENCE IN OTHER CANCERS POTENTIAL DRUGS/ THERAPIES BREAST CANCER SUBTYPE
ETV6-NTRK3
Metaplastic breast cancer is a particularly aggressive form of TNBC affecting mesenchymal breast cells. Because it does not respond to standard therapies, the prognosis is worse for patients with this breast cancer subtype as compared to other TNBCs. Characterization of a small cohort (n = 17) revealed the presence of nine in-frame fusions, eg, TBL1XR1-PIK3CA, although none were reported as recurrent in this cohort. 98 The therapeutic actionability of TBL1XR1-PIK3CA with PI3K inhibitors, AKT inhibitors, or mTOR inhibitors is yet to be evaluated.
ETV6-NTRK3 is the first recurrent fusion to be identified in a rare breast cancer subtype known as secretory breast carcinoma. These cancers have a good prognosis and rarely metastasize. 68 With .90% occurrence in this subtype, the fusion was reported to transform mammary epithelial cells and promote tumor formation in mice, strongly suggesting its role as the dominant acting oncogene in this tumor type.
68 NTRK3 is a protein kinase that is normally activated by ligand binding, dimerization, and autophosphorylation. The ETV6-NTRK3 fusion transcripts encode the oligomerization domain of the transcription factor, ETV6, fused to the C-terminal protein kinase domain of NTRK3 (Fig. 1C) , leading to ligand-independent dimerization and constitutive autophosphorylation of NTRK3.
99,100 Therapeutic targeting of this fusion has been reported with broadspectrum kinase inhibitors 101, 102 as well as more specific and mechanism-based IGF1R/INSR inhibitors. 103 A phase II clinical trial investigating a selective NTRK1/2/3 inhibitor, LOXO-101, for patients with advanced solid tumors harboring NTRK fusions is ongoing (clinicaltrials.gov). Interestingly, ETV6-NTRK3 was also the first fusion reported to With massively parallel sequencing, it has become evident that many such recurrent fusions are prevalent across tumor and tissue types, indicating that different cell types may share similar mechanisms of tumorigenesis. An analysis of relapsed invasive lobular breast cancers reported the presence of a novel ERBB2 fusion, ERBB2-GRB7 (Table 4) . 109 Presence of ERBB2 amplifications in breast cancer is well known and routinely evaluated in diagnostic specimens. However, fusions will not be detected by routine IHC and FISH techniques that are currently used for HER2 or ERBB2 evaluation. Considering the impact of HER2-directed therapy in breast cancer, detection and functional testing of such rearrangements offers the potential for treating such tumors with clinically available HER2-targeting agents.
As this is a rapidly evolving field and new information is cataloged daily, some useful websites and data portals for gene fusions in breast cancer include those through the National Cancer Institute, 110 Wellcome Trust Sanger Institute, 111 and TCGA fusion gene data portal. 34 
Therapeutic Implications of Fusions in Breast Cancer
Adaptation of trial design has become more important, given the growing knowledge of genotype-drug response associations. Tumor-specific trials still have relevance; however, many recurrent genomic alterations, including rearrangements, identified in one cancer subtype are also seen in other cancers. This underscores the need for expanded eligibility criteria for enrolling patients in clinical trials. ALK and RET fusions are examples of kinase fusions that were initially found in lung and thyroid cancers, respectively, but have also been reported in other cancers, including breast cancers. 3, 112, 113 As more pan-cancer studies are revealing recurrent fusions across tumor types, the concept of basket clinical trials is now being evaluated where patients are matched based on their genomic alteration rather than solely on the basis of tumor type. Basket trials that expand eligibility of cancers with novel genomic alterations would allow investigation of efficacy of targeted agents for previously unreported alterations. Singh et al 56 reported the discovery of a highly oncogenic fusion protein, FGFR3-TACC3, in 3% of glioblastoma multiforme patients and demonstrated a high efficacy of FGFR inhibitors against this fusion protein. This fusion was later identified and found to be active in bladder, 57 lung, 55 and cervical cancers. 114 Similarly, fusions involving other FGFR tyrosine kinases, eg, FGFR1/2, present at either the 5′ or 3′ end and retaining the tyrosine kinase domains have also been reported in breast cancer and other cancers. 3, 34, 115 As a result, these fusions provide a therapeutic opportunity for FGFR inhibitors in multiple cancer patient subpopulations.
A caveat to basket trials is that rearrangements may not exhibit the predicted response to drugs. Such an example is the BRAF fusion in comparison to the BRAF V600E point mutation. It is established that melanomas, pilocytic astrocytomas, and lung cancers with BRAF V600E mutations are sensitive to BRAF inhibitors, eg, vemurafenib. However, paradoxical activation can occur in tumors with BRAF fusions. In patients with these fusions, alternative inhibitors, eg, sorafenib, which inhibits feedback signaling through CRAF, or trametinib, which inhibits downstream MEK, may serve as better options in inhibiting tumor growth. 77, 116, 117 Thus, fusions may confer differential functionality as compared to activating point mutations in terms of the mechanism of signaling and sensitivity to inhibition.
Although the prevalence of fusions in breast cancer has been reported in many studies, 3, 34, 36 much less is known about the role of fusions in breast cancer. Functional evaluation of such genes is critical to understand the scope of therapeutic relevance. Validation of top candidates found in cancer cell lines and tumor tissue cohorts suggest potential oncogenic mechanisms and therapeutic opportunities. Table  4 summarizes some of the fusions reported to be recurrent in breast cancer cell lines and tumor subtypes, their oncogenic characterization, prevalence in other cancers, and potential therapeutic opportunities for each. In the latest precision medicine approach for difficult-to-treat cancers, regardless of the recurrence of fusion genes, even the presence of one or more actionable kinase fusions is applicable for targeted therapy.
Small molecule kinase inhibitors are the most commonly used targeted approach (Table 3) . However, kinase fusion partners may give rise to their own functional consequences and have also been exploited for the development of targeted treatment strategies. Use of ABL kinase inhibitors for BCR-ABL fusion-positive CML is a successful strategy, but drug resistance may be encountered due to point mutations in the kinase domain. Thus, an alternative is targeting the coil-coil dimerization domain located within the N terminus fusion partner BCR. It is believed that this dimerization domain drives kinase activation. Its targeting has been attempted in cell lines. [118] [119] [120] [121] The specificity and success of the strategy are yet to be evaluated in vivo. Since many kinase fusion partners are found to have coiled coil domains, 3, 74, 122 eg, EML4 of EML4-ALK; ERC1 of ERC1-RET seen in breast cancer, 3 this is a potentially important strategy, given the development of resistance to kinase inhibitors during tumor evolution.
Similar to kinase fusions, transcription factor fusions have also been explored for targeted therapy. For the acute promyelocytic leukemia-associated PML-RARA fusion, arsenic trioxide and all-trans retinoic acid are currently used to target PML, the 5′ moiety, and RARA, the 3′ moiety of the fusion protein, respectively. The precise molecular mechanism of action in both cases involves degradation of the PML-RARA oncoprotein, albeit by different pathways. 123, 124 Interestingly, the mechanism was elucidated only long after the identification of their therapeutic efficacy. Several groups have reported many transcription factor fusions in breast cancer cell lines 90, 91, 93 and tumors, which suggest their widespread involvement in fusion genes with potential functional implications in breast cancer.
Future Perspectives
Detection of relevant and actionable genomic alterations is at the forefront of personalized therapeutic practice in cancer. Apart from therapy selection and prognosis, there have been clinical reports indicating the usefulness of rearrangements in providing diagnostic clarity, 125, 126 investigating mechanisms of acquired drug resistance, 127 and exploring novel combinatorial therapy. High-throughput genomic sequencing studies, such as exome sequencing of human cancer by TCGA and use of limited hotspot panels, have focused on identifying point mutations and rearrangements specifically involving exons. However, intronic rearrangements are also common in many solid tumors, including breast cancer, and may represent a large class of actionable genomic alterations that are missed by standard short-read sequencing approaches. Inexpensive, rapid turnaround, and clinically implementable sequencing approaches that readily identify potentially actionable genomic rearrangements are clearly needed in conjunction with continued characterization of novel fusion genes.
While our understanding of functional rearrangements in breast cancer is emerging, other overarching challenges remain. These challenges include how to ensure the quality and depth of sequencing reads, standardized reporting and validation across studies, tumor sample purity, clonal heterogeneity, and multifocality. Less well-understood transposable elements such as LINE1 and Alu, which have not been addressed in this review, are also being investigated to define their role in genomic instability and cancer. 128, 129 Newer techniques of genome editing such as CRISPR, which allow precise manipulation of the genome at a desired location, are under study to model genomic alterations more efficiently and also to develop gene therapy. [130] [131] [132] Nevertheless, as our understanding grows with affordable, but sophisticated, sequencing strategies and metagenomic approaches, rearrangement-based biomarkers will be pivotal for the practice of precision medicine in breast cancer.
